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Abstract
Pakistan receives huge amount of rainfall during summer monsoon season that provides water replenishment for
transition periods, helps in maintaining natural and anthropogenic ecosystems, and increased crop productivity. In
this changing world, shifts in summer monsoon onset in Pakistan have been observed that seems to affect the
society in general. Therefore, it is vital to address these summer monsoon onset shifts to help policy makings
and implementation. The study was carried out to analyse the spatio-temporal variability in summer monsoon onset
in four objectively defined regions covering all Pakistan. A total of 35 meteorological stations spreading over four
regions (i.e., northern, central east, central west, and southern) were taken in to account and shifts in summer
monsoon onset have been calculated for the period of 1971–2010. The analysis is based on the observational data
of daily precipitation from 20th Jun-20th July for 40 years. The onset for each year and mean onset for each decade
has been calculated for all stations. The data was analysed for homogeneity, spatial and temporal variability of
monsoon rainfall has been calculated for all four regions, and station wise monsoon onset has been discussed in
detail. The temporal analysis shows that the onset of monsoon has shift towards earlier onset from first week of July
to last week of June at most of the stations in which the investigation was carried out during the studied period. The
spatial analysis shows that the amount of monsoon precipitation during the onset period has decreased after 1970’s
in almost all regions. This variability in monsoon onset can have major impacts on rain fed agriculture and
cultivation of crops like maize, soybean, rice and sugarcane etc. and will have to revisit the cropping calendar.
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1 Introduction
The summer monsoon over Pakistan is part of the bigger
Asian Summer Monsoon (ASM) circulation system. The
ASM onset generally occurs by June 1 at the southernmost
peninsula and progresses towards the most northwestern re-
gion in India by mid-July. The ASM withdraws from the
northwest and southernmost peninsula by September 1 and
mid-October respectively (Singh and Ranade 2010).
According to IMD (1943), the presence of a continued
warming tendency and positive radiation balance of the north-
ern hemisphere cause the progression of monsoon over north-
west India and Pakistan. The ASM passes through the Indian
mainland, further advances northwest and enters central
Pakistan from 5 July-24 July (Ding and Sikka 2006; Singh
and Ranade 2010). The southwest flow of ASM officially
begins the Pakistan’s rainy season (Latif and Syed 2015).
The general trend of the South Asian monsoon, its begin and
end, its movement over different regions within South Asia
Highlights 1- Observations at 35 meteorological stations were processed
for summer monsoon onset in Pakistan
2- Temporal analysis of four decades i.e., 1971-2010
3- Mean monsoon onset has observed a shift over 40 years to an earlier
time in Pakistan
4- Total amount of precipitation has decreased over the studied period
5- North eastern region of Pakistan received highest amount of
precipitation among all others
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has been thoroughly discussed in scientific literature (c.f.
Krishnamurti 1985; Webster and Lukas 1992; Lau et al.
2000; Ding and Chan 2005; Bhat et al. 2002; Johnson et al.
2004; Webster 2005; Singh and Ranade 2010; Saeed et al.
2011; Imran et al. 2014; Rasul and Chaudhry 2010). The
summer monsoon rainfall over the subcontinent has great so-
cial, agricultural, and economic value (Ahmad et al. 2014).
The summer monsoon contributes 65–75% of the total annual
rainfall in Pakistan (Ahmad et al. 2014). The summer mon-
soon rainfall in Pakistan provides water replenishment which
allows the water requirements to be fulfilled during the tran-
sition period until the onset of winter rainfall (Imran et al.
2014). Summer monsoon rainfall is of vital importance for
anthropogenic and natural ecosystems of the region (Singh
and Ranade 2010).
Date of monsoon onset over Pakistan is important from the
perspective of agricultural yield (Imran et al. 2014). The agri-
cultural sector of Pakistan accounts for 24% of total Gross
Domestic Product (GDP) (IUCN 2009). Small variations in
monsoon onset may have adverse impacts on agricultural pro-
ductivity that in turn may have negative impacts on GDP
(Latif and Syed 2015). In monsoon dependent regions, crop
productivity is mainly determined by the onset even if the
mean rainfall during summer season remains normal (Latif
and Syed 2015). Rashid and Rasul (2011) discussed the maize
crop which is cultivated with the onset of monsoon and be-
comes mature when the monsoon season ends by September
in Pakistan. The maize crop is highly sensitive to moisture
surplus and deficit. The yield decreases if the rainfall exceeds
the peak value 300 mm. If the monsoon onset is delayed, it
affects the crop as deficient soil moisture cannot sustain seed
germination and growth (Rashid and Rasul 2011).
The variation in the standard deviation of monsoon onset is
larger over Pakistan (i.e., ~11–12 days) as compared to India
(i.e., ~7–8 days) (Latif and Syed 2015; Fasullo and Webster
2003; Raju et al. 2005; Pai and Nair 2009; Wang et al. 2009;
Puranik et al. 2013). The monsoon onset in Pakistan may be
significantly delayed due to El Nino Southern Oscillation
(ENSO) (Latif and Syed 2015). The north-eastern belt of
Pakistan including stations of Lahore, Sialkot, Jhelum and
Islamabad receive the first rainfall as the summer monsoon
system enters in the country after deflecting from the great
Himalayas and travelling along the foothills. At the same time,
southwest winds from the Arabian Sea progress toward
Pakistan and the first monsoon rainfall prevails over Chhor
and Badin stations, making it the south-eastern belt of summer
monsoon (Imran et al. 2014). The onset of summer monsoon
over India has been investigated in several studies (c.f.
Shamshad 1988; Ananthakrishnan and Soman 1988; Raju
et al. 2005; Joseph et al. 2006; Simon et al. 2006; Cook and
Buckley 2009; Kumar et al. 2009). A few studies are present
in scientific literature discussing the monsoon onset over
Pakistan; some studies discussed over all monsoon onset
situation in Pakistan (e.g., IMD 1943; Singh and Ranade
2010; Latif and Syed 2015; Rasul and Chaudhry 2010;
Sadiq and Qureshi 2010), and a few studies discussed mon-
soon onset for selected cities only (e.g., Imran et al. 2014).
However, there is a limitation in these studies from the per-
spective of spatial and temporal variability in monsoon onset
covering all stations and all regions separately in the Pakistan.
This study provides comprehensive analysis of monsoon on-
set over different meteorological stations as well as different
regions of Pakistan which form the basis for the trends in
future projection of monsoon variability in the country. The
onset of summer monsoon over the Core Monsoon Region of
Pakistan (CMRP) has been discussed by Latif and Syed,
(2015) using observational daily rainfall and Perceptible
Water (PW) data sets. An objective criterion is proposed to
define monsoon onset dates by employing Precipitation Index
and Normalized Perceptible Water Index techniques. The re-
sult of the study shows that the seasonal transition from pre-
monsoon to the monsoon season occurs in the end of June or
the start of July. The mean onset date determined through
station data is July 1with a standard deviation of about 12 days
over the CMRP. The other data sets APHRODITE andNVAP-
M both exhibit onset date as 30 June with standard deviation
of 11.7 and 10.5 days, respectively. Although, PW-based cli-
matological mean onset date is very similar to the rainfall-
based mean onset date but onset dates on annual basis are
varying.
The spatial and temporal variation in summer monsoon
onset has not been studied extensively in Pakistan.
Therefore, this study intends to present the spatio-temporal
variability of summer monsoon onset over 35 meteorological
stations consists of four different regions of Pakistan. The
analysis was done for the period of 1971–2010 and decade
wise monsoon onset has been discussed. An overall temporal
shift in summer monsoon onset has been analyzed. The spatial
variability analysis involves Inverse Distance Weighted
(IDW) interpolation to show the rainfall distributions over
Pakistan during the monsoon onset for 40 years. While tem-
poral variability assessment is carried out on individual sta-
tions as well as based on four regions of Pakistan.
2 Material and Methods
2.1 Study Region
Pakistan is located between 23.35o N to 37.50o N latitude and
extends from 60.50o E to 77.50° E longitude. A large part of
Pakistan is characterized by spatial and temporal variability in
climate. The climate of Pakistan is influenced by its topo-
graphic features. Pakistan lies on the northern part of south-
west monsoon currents in the subcontinent, on the western
frontier of the ASM, on the fringe of western disturbances
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entering the subcontinent from the far west. The southern
plains of Pakistan are almost arid. The Baluchistan province
and north-eastern mountains have arid highland climate. The
desert and arid region of Pakistan are the eastern limit of south
Asia and one of the world’s largest dry regions. In the region
of northern mountains, the mean annual precipitation is quite
insufficient for natural vegetation (Shamshad 1988). The huge
amount of total annual rainfall in Pakistan is received during
the summer monsoon season.
To carry out this study the map of Pakistan was divided into
four regions namely Region I (North), Region II (Central
East), Region III (Central West) and Region IV (South)
(Fig. 1). Total 35 meteorological stations were selected
spreading over these four regions. Pakistan has a very diverse
topography due to which different climatic conditions prevail
in different parts of the country. The division in this study is
made based on climatology and weather conditions, extent of
monsoon system penetrating, and amount of precipitation re-
ceived during monsoon season in these regions of Pakistan.
Region I is the northern part of Pakistan comprised of moun-
tains and glaciers with different temperature and precipitation
patterns as compared to the rest of the country. Region II
comprises monsoon dominated part of Pakistan which re-
ceives maximum amount of rainfall during the summer mon-
soon season. Region III is the part where monsoon penetrates
to a greater degree but far less than the Region II. The stations
lying in Region IV receive monsoon from south western
winds from Arabian Sea, however, the amount of rainfall is
quite less as compared to Region II and Region III. The above-
mentioned division was made based on different climatic con-
ditions of the regions and is shown in Fig. 1. All the stations
selected for study have their own importance because of their
geographical location. The selected stations and their division
into regions are listed in the Table 1.
2.2 Data Acquisition
The climatic data used in this study was collected from
Pakistan Meteorological Department (PMD). This data in-
volves the daily observational precipitation (mm) for the
months of June and July for 35 stations that are in different
areas ranging from north to south of the country as shown in
Fig. 1. The data used in this study covered a time period of
40 years i.e., 1971–2010. To get an overall view of the
Fig. 1 Map of study area showing the selected meteorological stations in different regions of Pakistan
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precipitation of the selected stations, statistical analysis was
carried out. The total/average annual precipitation (mm) and
total/average monsoon precipitation (mm) (June-Sep) of the
selected stations was calculated for the period of 1971–2010.
2.3 Homogeneity Test
Homogeneity test is used to detect the variability in data se-
ries. In general, when the data is homogeneous, it means that
the measurements of the data are taken at a time with the same
instruments and in same environments. According to Kang
and Yusof (2012) it is difficult to deal with rainfall data be-
cause environmental characteristics and structures, changes in
measurement techniques and location of stations affect the
observations. Since, the data used in current study is
observational, so it was important to check the homogeneity
of the data before carrying out analysis. Karabork et al. (2007)
described two classifications of the homogeneity tests of time
series i.e., ‘absolute method’ and ‘relative method’. In relative
method, testing process is carried out in neighbouring stations
while in absolute method, each station is tested individually
(Chang et al. 2017). Relative method detects inhomogeneity
Table 1 Selected meteorological stations with their division into four regions
Sr. No. Station Latitude Longitude Elevation/Height a.m.s.l. Region
1. Drosh 35° 33′ 29” N 71°47′ 33″ E 1463.90 m North
2. Chitral 35° 50′ 30” N 71° 46′ 54″ E 1497.8 m North
3. Gupis 36° 14′ 0” N 73° 26′ 0″ E 2156.0 m North
4. Gilgit 35° 16′ 55.0812” N 74° 50′ 30.9912″ E. 1460.0 m North
5. Bunji 35° 16′ 55.0812” N 74° 50′ 30.9912″ E. 1372.0 m North
6. Astore 35° 02′ 12.18” N 75° 06′ 22.14″ E. 2168.0 m North
7. Skardu 35° 17′ 59” N 75° 37′ 0″ E 2317.0 m North
8. Balakot 34° 32′ 22.7940” N 73° 21′ 0.8460″ E. 995.40 m Central East
9. Kakul 34° 11′ 0” N 73° 16′ 0″ E 1308.0 m Central East
10. Muzaffarabad 34° 21′ 34.8768” N 73° 28′ 15.7944″ E 702.0 m Central East
11. G-dupatta 34° 13′ 17.4”N 73° 36′ 57″E 813.5 m Central East
12. Murree 33°54′27.98”N 73°23′29.4″E 2167 m Central East
13. Kotli 33°31′0.01”N 73°55′0.01″E 614.0 m Central East
14. Islamabad 33° 44′ 16.9620” N 73° 5′ 4.1568″ E. 507 m Central East
15. Jehlum 32° 56′ 25.9728” N 73° 43′ 39.4716″ E. 287.19 m Central East
16. Sialkot 32°29′33.65”N 74°31′52.82″E 255.1 m Central East
17. Lahore 31° 34′ 55.3620” N 74° 19′ 45.7536″ E 214.00 m Central East
18. Faisalabad 31° 25′ 15.7620” N 73° 5′ 21.4584″ E 185.6 m Central East
19. Sargodha 32° 4′ 56.8776” N 72° 40′ 8.8608″ E. 187 m Central East
20. Parachinar 33°53′1.29”N 70°6′35.49″E 1725.00 m Central West
21. Peshawar 34° 1′ 33.3012” N 71° 33′ 36.4860″ E. 327 m Central West
22. Cherat 33°50′2.04”N 71°51′2.58″E 1372.0 m Central West
23. Kohat 33° 36′ 4.0608” N 71° 26′ 41.2008″ E. 503 m Central West
24. D.I Khan 31° 49′ 53.3352” N 70° 54′ 41.7528″ E 171.20 m Central West
25. Mianwali 32°35′7.48”N 71°32′37.02″E 210 m Central West
26. Bahawalnagar 29°59′57.06”N 73°15′31.84″E 161.05 m South
27. Multan 30° 10′ 34.1652” N 71° 27′ 14.5728″ E. 121.95 m South
28. Bahawalpur 29° 25′ 5.0448” N 71° 40′ 14.4660″ E. 110.00 m South
29. Khanpur 26°59′53.01”N 67°41′32.29″E 88.41 m South
30. Jaccobabad 28°16′58.57”N 68°26′11.36″E 55 m South
31. Hyderabad 31° 20′ 30.4692” N 71° 41′ 49.1964″ E 28 m South
32. Zoab 31°09′60.00” N 68°49′59.99″ E 1405 m South
33. Quetta 30°11’ N 66° 57′ E 1626 m South
34. Dalbadin 28° 53’ N 64° 24′ E 848 m South
35. Karachi 24° 54’ N 66° 56′ E’ 22 m South
Pakistan Meteorological Department
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easily however, this method does not distinguish between the
real changes and the random fluctuations of the observations
(Peterson et al. 1998). In this study, we used the ‘absolute
method’ to detect inhomogeneity in which the test is applied
separately for each station (e.g., Wijngaard et al. 2003) to
distinguish between the real changes and random fluctuations
of the observations. Using the absolute method, the homoge-
neity of the total precipitation of the period 20th June -20th
July of each station was tested by using Pettitt’s Test from
1971 to 2010. Pettitt’s test is a nonparametric test developed
by Pettit, (Pettitt 1979), is quite helpful in detecting the occur-
rence of abrupt changes in climatic data (Smadi and Zghoul
2006). Homogeneity test is generally used to identify a single
change-point in continuous data sets such as climate series or
hydrological series. The results of the test for each station
were evaluated for a significance level of 5% to detect in-
homogeneities. To minimize the error in analysis, standard
deviation of onset time was also calculated. The results of
homogeneity test were evaluated based on different classes.
These classes were made according to the study of Wijngaard
et al. (2003). The classification described by Wijngaard et al.
(2003) was based on number of tests rejecting the null hypoth-
esis. As present study involved Pettitt’s test therefore two
classes were identified and are as follows:
Class A: It refers to data that is useful in which none of the
test rejects the null hypothesis. The series seem to be ade-
quately homogeneous for further analysis.
Class B: It refers to data that is doubtful in which test rejects
the null hypothesis. It means that there is indication of in-
homogeneity. Thus, the results of further analysis should
be observed critically from the perspective of existence of
possible in-homogeneities.
2.4 Temporal Analysis of Monsoon Onset
World Meteorological Organization (WMO) has described
monsoon onset as Pentad criteria i.e., “the five day mean rain-
fall averaged over calendar day intervals of five days is called
pentad rainfall” (Compendium of Meteorology 1979). To de-
termine the onset of summer monsoon in 35 meteorological
stations of Pakistan, daily precipitation data for 31 days i.e.,
20th June to 20th July for the years of 1971–2010 was assem-
bled. The reason to select this 31-day window is the seasonal
transition from pre-monsoon to the monsoon season that oc-
curs in the end of June to the start of July. The mean onset date
determined through different studies is start of July with a
standard deviation of about 12 days (Latif and Syed 2015).
Hence, the onset of monsoon on different stations in Pakistan
is likely to occur from 20th June to 20th July. To calculate the
temporal shift in the monsoon onset in Pakistan, the onset date
of each individual year from 1971 to 2010 for all the stations
was determined. As different parts of the country receive var-
iable amount of monsoon precipitation, the whole country was
divided into four regions based on the amount of monsoon
precipitation it receives (Table 1). The criteria used to deter-
mine the onset date varied with each region and is based on
previous studies (c.f. Latif and Syed 2015; Faisal and Sadiq
2012), with some modifications (Table 2).
2.5 Criterion for Central East Region
Central east region comprises of major monsoon stations and
receives the highest amount of precipitation annually. To de-
termine the onset in this region pentad rainfall methodology
was adopted, according to which the date of monsoon onset
over selected stations is the middle date of the 5-day period
with the provision that the 5-day accumulated rainfall (with at
least three rainy days) should not be less than 20 mm in this
31-day period (Faisal and Sadiq 2012).
2.6 Criterion for Central West Region
The monsoon precipitation penetrates to a greater extent in the
central west region but far less than the central east region,
hence a different criterion was adopted to determine the mon-
soon onset for this region. The criteria adopted by Faisal and
Sadiq (2012) was modified and threshold for the criteria was
changed to 10mm. Hence, in this region the middle date of the
5-day period is considered as monsoon onset with the provi-
sion that the 5-day accumulated rainfall (with at least three
rainy days) should not be less than 10 mm in this 31-day
window.
2.7 Criterion for North and South Region
The monsoon system penetrates to a much lesser degree in the
extreme north and south regions of Pakistan, so a general
analysis of precipitation was made in these regions. The
criteria of 7-day period was adopted for these regions with
the provision of 7-day accumulated rainfall (with at least three
rainy days) should not be less than 2 mm.
2.8 Statistical Analysis for Determination of Mean
Onset
The first step of statistical analysis includes determination of
onset date of each year. For this purpose, the prescribed
criteria were applied to each year from 1971 to 2010 and the
onset date was calculated for every station included in this
study. The next step was the determination of mean onset date
of each of the four decades from 1971 to 2010. For this, the
formula of average was applied on the onset dates of four
decades i.e. 1971–1980, 1981–1990, 1991–2000, and 2001–
2010, corresponding to each station of all four regions. To
calculate onset dates for four regions, the average of the mean
dates of all stations lying in the respective region was
Spatio-Temporal Variability of Summer Monsoon Onset over Pakistan
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determined. In this way, a single average onset date for each
region corresponding to every decade was determined. The
standard deviation with respect to time period of onset was
also calculated for each decade. To visualize the results, onset
dates of four regions for each decade was plotted on the graph
as well as on the map. In this way, four graphs corresponding
to four stations were prepared to analyse the temporal varia-
tion in the onset of monsoon at various stations in Pakistan.
2.9 Spatial Analysis of Monsoon Precipitation
For analysing the spatial trends of average precipitation this
study used IDW interpolation method. IDW interpolation
method assumes that the things which are closer to each other
have more features in common than those that are far from
each other. To estimate a value for any unmeasured location,
IDW uses the measured values surrounding the prediction
location. The measured values closest to the prediction loca-
tion have more influence on the predicted value than those
farther away (ESRI 2017). While doing the interpolation the
power was set as ‘2’. The adjusted power 2 shows that the
sample point values will provide better averaged output be-
cause sample points with unknown values that are far away
from the location become more influential until all of the sam-
ple points have the same influence. Moreover, the search ra-
dius for nearest neighbour sample point was set as 5.327 m.
The resultant raster had a format of grid with cell size of 0.05.
3 Results
The lifeline of Pakistan’s water resources and agriculture is the
summer monsoon rainfall which is received from the months
of June to September. Any variability in the summer monsoon
system can have major impacts on the irrigation as well as on
the water resource management in the country. Uncertainty
and uneven temporal and spatial distribution of rainfall may
cause extreme situations such as flooding and long dry spells
(Lai et al. 1998). This study provides an insight to the onset of
summer monsoon season on the selected stations in Pakistan.
Results of this study also indicate the spatial and temporal
variability in the monsoon onset and precipitation in Pakistan.
3.1 Analysis of Average Annual and Monsoon
Precipitation of Study Area 1971–2010
3.1.1 Average Annual Precipitation 1971–2010
Average annual precipitation in Pakistan ranges from
90 mm to 1750 mm. The stations receiving maximum
amount of precipitation annually lies in the Region II
(central east) while those receiving the minimum precip-
itation lies in the Region IV (south region) of the coun-
try. The Fig. 2 shows that the Murree station received
the maximum precipitation at the rate of 1727 mm an-
nua l ly f rom 1971 to 2010 . The Balako t and
Muzaffa rabad sta t ions rece ived 1553 mm and
1500 mm of annual precipitation respectively and
Dalbadin received the least annual precipitation i.e.,
93 mm from 1971 to 2010. Also, the stations of
Jacobabad and Khanpur received the least amount of
annual precipitation from 1971 to 2010 i.e., 114 mm
and 109 mm respectively.
3.1.2 Average Monsoon Precipitation 1971–2010
The analysis of monsoon precipitation shows that the
Region II (central east) receive the maximum amount
of rainfall during summer monsoon season (June-Sep).
It shows that this region is the main part of the country
receiving monsoon precipitation (Fig. 3). Some stations
in the Region III (central west) also show receiving
enough amount of precipitation during June-Sep. The
results show minimal amount of precipitation received
in Region I and Region IV in monsoon season from
1971 to 2010. The station showing maximum amount
of average monsoon rainfall is Murree which received
914 mm precipitation from 1971 to 2010. The Balakot
and Islamabad stations lies on the second and third rank
with respect to monsoon precipitation receiving 855 mm
and 791 mm respectively. The stations receiving mini-
mum monsoon precipitation are Dalbadin, Quetta and
Skardu which received 10 mm, 26 mm and 44 mm
average monsoon precipitation respectively from 1971
to 2010.
Table 2 Criteria used for determination of monsoon onset
Regions Criteria for Monsoon Onset Determination
Central East Region Middle date of the 5-day rainfall accumulated period (with at least three rainy days) in which rainfall should
not be less than 20 mm.
Central West Region Middle date of the 5-day rainfall accumulated period (with at least three rainy days) in which rainfall should
not be less than 10 mm.
North and South Region Middle date of the 7-day rainfall accumulated period (with at least three rainy days) in which rainfall should
not be less than 2 mm.
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3.2 Total Annual and Total Monsoon Precipitation
of all Regions 1971–2010
Results show that the Region II (central east) received
highest total annual and total monsoon precipitation
from 1971 to 2010. As shown in Fig. 4, the Region II
received ~12,000 mm total annual precipitation out of
which the total monsoon precipitation received is
~ 7 5 0 0 mm . Th e R e g i o n I I I ( c e n t r a l w e s t )
received ~3000 mm total annual precipitation out of
which the total monsoon precipitation received is
~1500 mm in the region. The total annual precipitation
received in the Region I (north) is ~2200 mm out of
which the total monsoon precipitation is ~500 mm. In
Region IV (south) the total annual precipitation received
is ~1700 mm and major portion of this precipitation is
received in the monsoon season which is brought by the
winds from the Arabian Sea. The total monsoon precip-
itation in this region is ~1000 mm.
3.3 Evaluation of the Results of Homogeneity Test
The results of the homogeneity test and the classification of
stations is shown in Table 3. The Pettit’s test results have
shown that the Murree has homogeneous observations.
There is no break point in this station’s data. However, the
homogeneity test graph shows occurrence of changes since
2001 i.e., the precipitation in determined period i.e., 20th
June to 20th July is decreasing (Fig. 5 (a-f)). The mean value
of precipitation is 273.85 mm in case ofMurree. Similarly, the
stations of Faisalabad, Sargodha and Sialkot have also a
higher p value thus their observation is homogeneous. The
mean value is given as 85.5 mm, 72.42 mm and 229.18 mm
respectively. In case of Jhelum and Lahore the null hypothesis
is accepted (Table 3) thus observations are homogeneous. The
mean value of precipitation is 176.08 mm for Jhelum and
140 mm for Lahore. The positive peaks are shown in the years
1975, 1979 and 1989 in case of Jhelum and in 1981 for Lahore
(Fig. 5 (a-f)). The stations of Muzafarabad and Kakul
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Fig. 2 Annual precipitation in
study regions for 1971–2010
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Fig. 3 Monsoon precipitation in
study regions for 1971–2010
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have also homogenous observations. The mean precipitation
is ~266 mm and ~196.42 mm respectively. In the year 1978
the highest positive peaks were observed in Muzafarabad and
Kakul. Similarly, for Grahidupatta and Kotli, the observations
are homogeneous. The mean values of precipitation and peaks
are shown in Fig. 5 (g-l). The stations of Mianwali, Dera
Ismail Khan and Parachinar have homogeneous observations.
The mean value for precipitation is 91.95, 49.8 and 72 mm
respectively. The peaks have been observed in the years 1980
and 2008 for Mianwali, in the year 2000 for Dera Ismail Khan
and in the year 1983 for Parachinar. A slight change has been
observed inMianwali in year 1979, after which frequent peaks
have been observed (Fig. 5 (k-m)). Similarly, Kohat and
Peshawar the observations are homogeneous. Their respective
mean values and peaks are shown in Fig. 5 ((n-o)). The sta-
tions of Skardu, Gilgit and Astore with mean value of precip-
itation 9.8 mm, 11.5 mm and 33.3 mm respectively, have also
homogeniety. In Skardu and Gilgit highest positive peak is
observed in the year 1996 while for Astore it is observed in
1985. Like previous stations, Bunji, Chitral and Drosh have
also shown homogeneity. The mean precipitation and peak
values are shown in Fig. 5 (p-t). Similarly, Bahawalpur,
Multan and Bahawalnagar have homogeneous observations.
The mean of precipitation is 66 mm for Bahawalnagar,
72.12 mm for Multan and ~30 mm for Bahawalpur. The
highest peak is observed in the year 1978 for Bhawalpur and
Bahawalnagar and in the year 1993 for Multan (Fig. 5 (u-ac)).
The stations of Hyderabad, Khanpur and Jacobabad have ho-
mogeneous observations (Table 3). The mean value of precip-
itation for these stations is 25 mm, 12.6 mm and 23 mm re-
spectively. The highest peak in Jacobabad is observed in year
1978, for Hyderabad in year 1976 and for Khanpur in 1993.
Similarly, the stations Zhob and Dalbadin have homogeneous
observations, the mean value of precipitation is 47 mm for
Zhob and 6 mm for Dalbadin (Fig. 5 (v-ac)). The results of
homogeneity tests showed that maximum number of stations
have consistent observations. All these above-mentioned
stations are classified as “Class A”. It means that the observa-
tions are homogenous and no clear sign of an in-homogeneity
in the precipitation data is present.
Four stations observed abrupt shifts i.e., Gupis,
Cheerat, Balakot and Islamabad. Abrupt shifts have
been observed in Gupis in year 1991, in year 1980 in
Cheerat and in year 1981 in Balakot. Similarly, the sta-
tion of Islamabad has shown a shift in year 2008.
Presence of these break points and p value (Table 4)
depicts chances of in-homogeneity in the rainfall data
at these stations. These break points are the detected
change points in the time series. Thus, all these four
stations are classified as “Class B”. Due to breaks two
mean values are computed as shown in Table 4. In case
of Islamabad, Balakot and Cheerat there is abrupt
change of precipitation toward lower values while in
case of Gupis this abrupt change is showing an increase
in precipitation in the defined period of 31 days (Fig. 5
(ad-ag)).
3.4 Spatial Variability Analysis of Monsoon
Precipitation
The IDW interpolation of daily average and monthly average
precipitation from 20th June - 20th July has been shown for
the period of 1971–2010. The area receiving higher rainfall in
the specified period i.e., 20th June - 20th July has decreased
over time as shown in Fig. 6 (a-d). Most of the precipitation
accumulated in central eastern region while other regions re-
ceived less precipitation. In case of summer precipitation that
occurs due to winds from the Arabian Sea in extreme south of
Pakistan, the area receiving precipitation is quite small which
has decreased over the course of four decades, hence the arid-
ity of the southern region has increased over the period of
1971–2010. The interpolated results for 1971–1980 have
shown more precipitation all over the country as compared
to the results of other three decades.
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3.5 Temporal Variability Analysis of Monsoon Onset
The analysis to determine the variability in onset of monsoon
was carried out for four objectively defined regions as well as
for individual stations. The results show the variability of re-
gional onset of summer monsoon season over the period of
four decades i.e., 1971–2010 and are presented as follows:
3.5.1 Monsoon Onset over Region I
The Region I (north) comprise of seven stations and
an overall monsoon trend in this region depicts that
the monsoon onset has shifted to an earlier time
(Fig. 7). In the decade of 1971–80, monsoon onset
was in the start of July i.e., 2nd July±7 days which
was shifted to 8th July±6 days in the next decade i.e.,
1981–1990. However, in 1991–2000-decade, monsoon
onset shows a significant shift towards the end of
June i.e., 30th June ±6 days and this trend continued
in the next decade i.e., 2001–2010, in which the mon-
soon onset was on 27th June ±6 days. There is a
sharp shift in onset trend from the first week of July
to last week of June in the Region I during the stud-
ied period.
Table 3 Results of
homogeneity test Station P Value
(< a or > a)
Break
point
H0 accepted or
rejected
Classification Homogeneous
(Yes or No)
Dalbadin 0.956 > 0.05 Accepted A Yes
Zhob 0.131 > 0.05 Accepted A Yes
Quetta 0.605 > 0.05 Accepted A Yes
Karachi 0.621 > 0.05 Accepted A Yes
Jacobabad 0.748 > 0.05 Accepted A Yes
Hyderabad 0.976 > 0.05 Accepted A Yes
Gupis 0.009 < 0.05 1991 Rejected B No
Astore 0.288 > 0.05 Accepted A Yes
Gilgit 0.208 > 0.05 Accepted A Yes
Bunji 0.800 > 0.05 Accepted A Yes
Skardu 0.769 > 0.05 Accepted A Yes
Muzafarabad 0.532 > 0.05 Accepted A Yes
Kotli 0.098 > 0.05 Accepted A Yes
Garhidupatta 0.486 > 0.05 Accepted A Yes
Peshawar 0.271 > 0.05 Accepted A Yes
Kohat 0.367 > 0.05 Accepted A Yes
Parachinar 0.657 > 0.05 Accepted A Yes
Kakul 0.585 > 0.05 Accepted A Yes
Drosh 0.825 > 0.05 Accepted A Yes
D.I. Khan 0.247 > 0.05 Accepted A Yes
Chitral 0.434 > 0.05 Accepted A Yes
Cheerat 0.038 < 0.05 1980 Rejected B No
Balakot 0.036 < 0.05 1981 Rejected B No
Sargodha 0.204 > 0.05 Accepted A Yes
Sialkot 0.314 > 0.05 Accepted A Yes
Multan 0.874 > 0.05 Accepted A Yes
Lahore 0.542 > 0.05 Accepted A Yes
Khanpur 0.519 > 0.05 Accepted A Yes
Mianwali 0.341 > 0.05 Accepted A Yes
Jehlum 0.570 > 0.05 Accepted A Yes
Faisalabad 0.867 > 0.05 Accepted A Yes
Bahawalpur 0.733 > 0.05 Accepted A Yes
Bahawalnagar 0.997 > 0.05 Accepted A Yes
Murree 0.740 > 0.05 Accepted A Yes
Islamabad 0.047 < 0.05 2008 Rejected B No
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3.5.2 Monsoon Onset over Region II
The Region II (central east) receives rainfall during
summer monsoon season from the currents transported
from the Bay of Bengal that are later deflected by
Himalayas and fall as precipitation in northeast of
Pakistan. While investigating the variation in onset time
of monsoon it is evident that the central eastern region
has shown an overall earlier onset of summer monsoon
over the course of four decades i.e., 1971–2010. It is
also shown from the analysis that three decades i.e.,
1971–1980, 1991–2000 & 2001–2010 had earlier onset
of monsoon while the decade (1981–1990) showed late
onset of monsoon season. The mean onset calculated for
Region II for the decade 1971–1980 is 1st July with
standard deviation of 6 days, which is quite high. The
onset for the decade 1981–1990 is determined to be 3rd
July while the standard deviation of 3 days. In 1991–
2000, the onset in this region shifted to 29th June with
a standard deviation of 4 days. Similarly, the onset for
2001–2010 decade is 29th June with a standard devia-
tion of 3 days (Fig. 8).
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Fig. 5 a-ag Homogeneity test analysis for stations in different region in Pakistan showing the trend of precipitation over the period of 1971–2010
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3.5.3 Monsoon Onset over Region III
The Region III (central west) comprise of stations where
monsoon reaches after the Region II. The amount of
precipitation received in this region is less as compared
to the CMRP. The analysis of variation in monsoon
onset of Region III shows that the trend in the monsoon
onset is consistent with the central east region (Fig. 9).
In the decade of 1971–1980, the onset occurred at the
mean date of 6th July with the standard deviation of
4 days after which an earlier mean onset was observed
in the next decade on 5th July ±2 days in 1981–1990.
In the decade of 1991–2000, the mean onset remained
constant at 5th July with standard deviation of 3 days,
however the mean onset again shifted toward earlier
July i.e., 3rd July ±3 days in 2001–2010. Hence, the
central west region shows an overall shift towards ear-
lier onset in the summer monsoon during 1971–2010.
3.5.4 Monsoon Onset over Region IV
The Region IV (south) of the country consists of sta-
tions which receives their share of rainfall from the
Arabian Sea during summer monsoon season. This
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region receives rainfall far less than the north eastern
part of the country (i.e., Region II) (Imran et al.
2014). The temporal analysis of the monsoon onset in
Region II shows a consistent shift toward earlier onset
over the period of four decades i.e., 1971–2010. In
1971–80, the mean onset date was observed to be 5th
July with the standard deviation of 1 day while the
mean onset shows backward shift in the next three de-
cades i.e., 4th July, 3rd July and 2nd July in 1981–90,
1991–2000 and 2001–2010 respectively. Hence, it can
be concluded based on analysis that the onset in
Region III is showing a shift towards start of July
(Fig. 10). Overall monsoon onset and standard deviation
in all studied regions has been shown in Fig. 11.
3.6 Individual Station Analysis for Variability
of Monsoon Onset
3.6.1 Individual Station Analysis of Region I (North)
In Astore, the monsoon onset has a shift from the first
week of July to the last week of June. Similarly, in
Bunji, monsoon onset has shifted from the first week
of July to the last week of June. In Gupis the monsoon
onset does not show any significant shift but there is
variability in onset within the last week of June. In
Chitral there is a shift in monsoon onset from the first
week of July to the last week of June. In Drosh there is
a significant shift in the monsoon onset i.e., from the
first week of July to the third week of June. In Gilgit
the monsoon onset mostly remained steady in the first
week of July. The trend line shows the variability with-
in the days of first week of July for Gupis. However, a
significant shift can be seen in Skardu which explains
that the monsoon onset has shifted to earlier time. The
shift has occurred from the first week of July to the last
week of June (Fig. 12 (a-g)).
3.6.2 Individual Station Analysis of Region II (Central East)
In Murree, a significant shift in monsoon onset has been
observed from end of June to the third week of June
during the studied period. In Islamabad, the monsoon
onset shows a significant shift from first week of July
towards last week of June from 1971 to 2010. The
Kotli has shown a significant shift in monsoon onset
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from early July (in 1980’s) to the end of June in 2001–
10 period. In Faisalabad, a significant shift in monsoon
onset can be seen from second week of July to first
week of July. The Sargodha has shown a significant
shift in monsoon onset from end of second week of
July to early July. The station of Balakot has steady
onset of monsoon. In case of Balakot, the onset time
remained in June but kept on moving over course of
four decades. The monsoon onset at Balakot station
was in the third week of June during 1970’s decade
which then moved upward to the end of June during
the next two decades (1980’s &1990’s) and later shifted
to 23rd of June (Fig. 13(a-f)).
The onset of monsoon in Muzafarabad has a steady
trend like Balakot. The Garhi Dupatta has a significant
shift of monsoon onset from early July during 1980’s to
25th of June during 2001–10 period. The Kakul has a
significant shift of monsoon onset from first week of
July to last week of June. In Lahore the monsoon onset
is in the first week of July and remained steady
throughout the study period. In Jhelum the monsoon
onset remained steady during the first three decades
i.e., 1971–2000 however shifted from early July to the
end of June in the last decade i.e., 2001–2010. The
monsoon onset in Sialkot has shifted from 1st July in
1970’s decade to 25th of June in 2000’s decade (Fig. 13
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(g-l)). In almost all of the stations the onset of monsoon
in 1980’s appeared to occur in the first or second week
of July. While in remaining three decades the onset
r ema ined in June wi th some excep t ions l ike
Faisalabad, Sargodha and Lahore etc.
3.6.3 Individual Stations Analysis of Region III (Central West)
In Mianwali, the monsoon onset shows a steady trend during
the four decades (i.e., 1971–2010) as it has shifted from first
week of July to the end of June. In Kohat, the onset shifted
from second week of July to the first week of July. The
Parachinar station received the highest amount of precipitation
as compared to other stations in this region (cf. Shah et al.
2012). The station shows onset of monsoon in the month of
June as compared to other stations in the central west region
where onset occurred mostly in the month of July. However,
the trend of mean onset dates among four decades is similar to
that of other stations where mean onset is shifting towards
earlier time i.e. from first week of July to the third week of
June. The mean onset trend in D.I.Khan is similar to that of
Parachinar as the second decade i.e., 1981–1990 shows
a shift towards late monsoon onset as compared to the
first decade i.e., 1971–1980. However, the overall trend
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of monsoon onset is not as significant as on other sta-
tions in the region, but it shows a trend of earlier onset
of monsoon with a shift to the start of July. In
Peshawar and Cherat a shift in monsoon onset has been
observed from second week of July towards the first
week of July (Fig. 14(a-f)).
Table 4 Table showing mean precipitation values before and after break point of stations with inhomogeneity
Station μ1 (Mean value of precipitation before Break point) μ2 (Mean value of precipitation after Break point)
Islamabad 230.1 65.8
Balakot 371.3 205.02
Cheerat 124.5 48.5
Gupis 6.26 17.2
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3.6.4 Individual Station Analysis of Region IV (South)
The monsoon onset in Multan station is consistent with
the trend of other stations in Region IV. The station
shows constant mean onset in the first three decades
after which a shift towards earlier onset is observed in
the fourth decade i.e., 2001–2010. In Jacobabad a sig-
nificant shift in monsoon onset has been observed i.e.,
towards early July after the first decade (i.e., 1971–
1980). The mean onset shows variations within the first
Fig. 6 Map of study region showing spatial variability of monsoon rainfall from 1971 to 2010 over Pakistan (a) 1971–1980 (b) 1981–1990 (c) 1991–
2000 (d) 2001–2010
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week of July over the period of four decades in
Jacobabad. In Khanpur there is variability in the mon-
soon onset over the four decades. The onset shows a
sharp forward shift in the second decade i.e., 1981–
1990 as compared to the first decade (i.e., 1971–
1980); it again comes to the same date in the third
decade (i.e., 1991–2000) after which a shift to the ear-
lier time in mean onset is observed in the last decade
(i.e., 2001–2010), however the overall trend has not
shifted significantly. The trend in monsoon onset over
Bahawalpur is similar to that of Jacobabad in which the
mean onset seems to be sharply shifted to the last week
of June.
In Karachi, the monsoon onset in the first two de-
cades (i.e., 1971–1980 & 1981–1990) shows a shift to
the earlier time however in the third decade (i.e., 1991–
2000) the mean date shows forward shift after which it
again followed the shift to earlier time in the fourth
decade (i.e., 2001–2010). In Hyderabad, the trend does
not show any significant shift and the monsoon onset
remained during the first week of July throughout the
study period. The trend in monsoon onset for the sta-
tions of Zhoab and Bahawalnagar show a steady shift to
earlier time in monsoon onset. However, the monsoon
onset for the last decade in Zhoab was observed at the
end of June while all other stations show monsoon on-
set in early July (Fig. 15 (a-h)).
3.6.5 Overall Monsoon Trends of Regions
The average summer monsoon rainfall (June–July-
August) for the 40-year period 1970–2010 in the
Regions (I, II and III) and Region IV of Pakistan are
plotted with the standardized values in Figs. 16, 17, and
18. A recent study by Preethi et al. (2017) suggests a
decreasing trend in summer monsoon rainfall over
southern parts of Pakistan which comprises of our
Region IV and increasing trend over the northern parts
of Pakistan i.e., Region I, II and III in this study.
4 Discussion
The current study indicates inter-decadal spatial and
temporal variability in the precipitation related to the
monsoon onset in Pakistan. The results are consistent
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with the studies carried out around the globe indicating the
changes in the summermonsoon rainfall in South Asia includ-
ing Pakistan (Das et al. 2013; Imran et al. 2014; Latif and Syed
2015). Seasonal mean rainfall in south Asia shows inter-
decadal variability, particularly in terms of declining trend
with frequently occurring deficiency in summer monsoon
rainfall (Intergovernmental Panel on Climate Change 2014).
In this regard, Pakistan has a noticeable share in the large
climatic variations taken place in the northwest India during
the Holocene which has caused the spatial shifts in the rainfall
pattern of the region (Bryson and Murray 1977).
The analysis of temporal variability in monsoon
shows that the mean onset has shifted from earlier
July to the end of June. The results are consistent for
all the four regions as well as for all the stations in-
cluded in the study. This trend of earlier onset follows
the study carried out by Imran et al. (2014), which
include the major stations of the Region II constituting
CMRP. This study also shows the time of monsoon
onset at the stations like Islamabad and Lahore which
agrees with the results of the current study. Moreover,
the calculated onset time using the criteria agrees with
the time calculated by Latif and Syed (2015). However,
minor differences exist in the mean onset time shown in
this study as compared to the previous studies on se-
lected stations (c.f. Latif and Syed 2015). The studies of
Imran et al. (2014) and Latif and Syed (2015) are lim-
ited to Region II and CMRP respectively while the cur-
rent study cover almost whole of Pakistan and provides
the depth analysis of variability in the monsoon onset.
The assessment has been carried out for each station
individually as well as for different regions of Pakistan
which provide a comprehensive picture of previous
monsoon onset trends in Pakistan. Moreover, this study
provides a reliable base for conducting future projection
studies relevant to monsoon trends in Pakistan. The
shift in monsoon onset may be due to the changes in
the specific humidity over the Indian Ocean and
Arabian Sea (Sahana et al. 2015).
It is noted that, during the time period 1981–1990,
the onset on all stations have shown a significant delay.
This delay might be attributed to the unusual climatic
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event like ENSO. It is evident from the scientific liter-
ature that a worst Asian drought occurred during 1987
(Kumar and Dassai 2004), which is attributed to the
strong ENSO year. Also, various studies provide the
connection of delayed onset of monsoon with El Nino
event. Zhou and Chan (2007) indicated that in the years
associated with warm El Nino event, the monsoon tends
to have a delayed onset.
The study conducted by Latif et al. (2016) indicates
that the highest rainfall area of 200 mm/month is ob-
served over CMRP which is also evident from the spa-
tial analysis of rainfall during onset time carried out in
current study. In fact, this high rainfall zone is mostly
affected by the penetration of monsoon currents
resulting from the depressions/low pressure systems
travelling west and north-westward from Bay of
Bengal (Faisal and Sadiq 2012). As pointed out by
Rahmatullah (1952), monsoon rainfall hardly ap-
proaches western Pakistan (Baluchistan Province), ex-
cept when westward moving depressions from Bay of
Bengal occasionally recurves toward this region, there-
fore the amount of precipitation is low in these areas.
The low amount of precipitation in these areas is be-
cause of Arabian Sea branch of monsoon (Imran et al.
2014).
Pakistan receives the summer monsoon rainfall
through two different systems; first from Bay of
Bengal, the south westerly winds strike the Himalayas
and enters Pakistan after deflecting and travelling along
the foothill of Himalayas while second is the southwest
winds that enter south Pakistan from the Arabian Sea.
The Region I and II comprise the north-eastern belt of
monsoon in Pakistan where Sialkot, Jhelum, Islamabad
and Lahore stations lie that receive first monsoon rain-
fall from these currents and make the north-eastern belt
of summer monsoon, therefore, show an earlier onset at
the end of June. After Region II, the winds penetrate
the Region III which experiences monsoon onset later
and hence shows an onset in start of July. Region IV
receives monsoon partially from a weakened north-
eastern belt and partially from south-western winds
which is developed later and cause the onset in the start
of July.
The spatial analysis done in this study has shown
that the amount of precipitation has decreased in all
regions over the course of four decades, with least
amount of precipitation is received during the decade
of 1981–1990. Latif et al. (2016) has also indicated
significant weakening trends of seasonal mean rainfall
over the south Asian region during monsoon season for
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the period of 1951–2012 using CRU data sets.
Similarly, a study by Singh and Sen (2002) found de-
creasing trend of summer monsoon rainfall from 1964
to 1992 in Beas River catchment. Moreover, the
drought occurred during the 1980’s might be a reason
of less amount of precipitation during the decade of
1981–1990. The results show that the area with highest
amount of mean precipitation seems to be shrinking
over the period of four decade which agrees with the
study carried out by Hanif et al. (2013). Hanif et al.
(2013) stated that the extreme monsoon rainfall was
observed shifting away from the eastern boundary to-
wards the north-western part of Pakistan. Our results
show that the drier condition in the parts of Sindh and
Baluchistan Provinces which have been indicated by
Hanif et al. (2013), are showing the decreasing precip-
itation trend in southern part of Pakistan as well as
along the coastal belt and parts of Sindh Province.
Hence, understanding the spatio-temporal distribution of
precipitation during the monsoon period is essential to water
resource management in Pakistan, such as flood management,
flood mitigation, water conservation, and irrigation system.
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As the economy of Pakistan is highly supported from the
agriculture sector, the occurrence of monsoon rainfall (from
June–September) is very important. The accurate prediction of
space–time precipitation in Pakistan provides useful informa-
tion for decision making in the management of water re-
sources (Bates et al. 2008).
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5 Conclusion
This study provides a detailed insight to the monsoon onset
over Pakistan from 1971 to 2010. In the present study conclu-
sion has been drawn based on statistical analysis of precipita-
tion data obtained from 35 weather stations located all over
Pakistan. Analysis of 40 years of data revealed variations in
the time of summer monsoon onset over Pakistan. The tem-
poral analysis shows that monsoon onset has an earlier shift in
Pakistan region. Although there are certain factors which ef-
fect the monsoon system such as ENSO that has caused a
delay in the monsoon onset during the decade of 1981–
1990. Therefore, the mean monsoon onset over 40 years has
a shift to an earlier time in the whole region.
Spatial analysis in this study revealed the decreasing trend
in total amount of precipitation in all regions within defined
time period of 20th June–20th July, over the course of four
decades. Region II received highest amount of precipitation
among all regions whereas the Region IV is deprived of plen-
tiful and enough rainfall. Winds from Arabian Sea bring pre-
cipitation in the southern part of the country and it is evident
from the study that in 1970’s there was a significant amount of
precipitation in the region although the area receiving the pre-
cipitation was quite smaller. Over the course of these four
decades that smaller area is diminishing. The overall decreas-
ing trend in precipitation can be attributed to impacts of cli-
mate change.
Pakistan is an agricultural country with cropping pat-
tern largely dependent on monsoon rainfall. The results
obtained in this study will help in predicting and investi-
gating the future scenario of rainfall and monsoon weather
system which is a life line for agriculture in Pakistan.
Therefore, accurate prediction of monsoon onset will help
to manage the agricultural issues in an efficient way. In
order to understand recent trends in temporally shifted
prolonged monsoon and spatially occurring rainfalls in
Pakistan, it is necessary to explore trends in precipitation
over the regions prone to environmental changes.
Moreover, a better understanding of precipitation patterns
will be helpful for the future planning in terms of water
availability and utilization in various fields most impor-
tantly for power generation and irrigation purposes.
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